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Introduction
The intestinal epithelium is considered to be an attractive site for somatic gene therapy for many reasons. One of the most compelling is its ease of access via the lumenal route, which would allow direct in vivo gene transfer by oral administration or standard endoscopic approaches. 1 The intestinal epithelium also has a large tissue mass and contains stem cells with known locations in the crypts of Lieberkü hn. 2 Development of cystic fibrosis (CF) mouse models with early mortality due to intestinal obstruction has emphasized the importance of the intestine as a site for gene transfer. 3, 4 Aside from CF, other genetic disorders that affect the intestinal epithelium such as familial adenomatous polyposis (FAP) 5 and many cases of colon cancer 6 could be treated or prevented with site-directed gene transfer. The intestine could also be used as an alternative target for the treatment of many metabolic and nutritional defects, especially for functions that occur in the liver such as urea cycle disorders and phenylketonuria. Some transgenic studies have shown that the intestinal epithelium is capable of secreting proteins into the blood stream. 7 Thus, the intestine could also serve as an important target for diseases involving deficiency of proteins secreted into the blood such as hormones and clot-ting factors. 8 The intestine is also an important target for delivery of antigenic material in vaccination strategies because of direct access to the lymphatic system via gutassociated lymphoid tissues such as the Peyer's patches. 9 Recently, utilization of replication-deficient mammalian viruses as vectors for gene delivery and as potential vaccine carriers has received increasing attention. Adenoviruses seem particularly suited for such purposes because infection with these replication-incompetent vectors allows for the production of transgenic proteins without adversely affecting the host cell. 10 Deletions in the E1 and E3 regions of the viral genome allow for insertion of about 8 kb of foreign DNA without affecting the viability of the virus. Two prototypic viruses, adenovirus serotypes 2 and 5, have been the most extensively characterized biochemically and genetically and, thus, have been widely used in gene therapy and recombinant vaccination trials. [11] [12] [13] [14] [15] While these viruses have demonstrated the ability to be potent vectors with promising futures, data concerning their efficiency in transferring genetic material into intestinal epithelial cells are quite limited and somewhat speculative. [16] [17] [18] [19] We have also experienced similar difficulties as in vivo and in vitro transduction studies suggest that, as enterocytes differentiate, Ad 5 transduction efficiency significantly decreases. 20 Studies of oral vaccination with recombinant adenoviral vaccines have also had varied success. Since the late 1960s, adenovirus type 4 has been administered as a live, oral vaccine to military recruits. 21 This vaccine has provided significant immunity without causing fulminant infection in the intestinal epithelium. 22 Recently, oral administration of a vaccine consisting of adenovirus types 4 and 7 encoded with the hepatitis B surface antigen (HBsAg) was evaluated in chimpanzees. 23 Low humoral responses were detected after HBsAg challenge, but when challenged with the hepatitis B virus, 75% of the study population developed resultant infections. Similar results were seen when dogs were given the HBsAg vector orally. 24 After consideration of the results described above, investigators have concluded that the absence of gene expression and appropriate immune response is due to lack of host specificity of the chosen strains of adenovirus and that better animal models are needed for further investigation of oral gene delivery and vaccination protocols. We believe that, while this may be a significant contributing factor, there may be an even greater lack of tissue specificity with the chosen vectors.
Early contact between the adenovirus and its cellular target is mediated by viral fiber proteins which interact with receptors on the cell surface. [25] [26] [27] This concept has been exemplified in studies which demonstrate that purified quantities of fiber can inhibit viral attachment to cell surfaces 28 and that attachment can also be inhibited by anti-fiber antibodies. 29 Viruses used in all of the previously described trials are respiratory viruses with fiber proteins that are specific for receptors located on epithelia of the lung and other respiratory tissues. 30 This specificity was emphasized in the HBsAg study conducted by Chengalvala et al. 24 They found that delivery of the viral vector via intratrachial administration provided adequate immunity to HBsAg while, as mentioned previously, oral administration did not.
In the 1970s, previously unrecognized adenoviruses were detected by electron microscopy in stool specimens of infants with diarrhea. These viruses (adenovirus strains 40 and 41) are known as the enteric adenoviruses, are responsible for 17% of all cases of infant diarrheas, 31 and have several characteristics which distinguish them from other human adenoviruses. The most notable of these is that, unlike other human adenoviruses, the fiber gene of these viruses contains two open reading frames (ORFs). 32, 33 The first ORF encodes a protein containing 387 amino acids (41.4 kDa), termed the short fiber, and the second ORF encodes a protein consisting of 562 amino acids (60.6 kDa), termed the long fiber. The different roles of the Ad 41 short and long fibers are not known at this time. It is known that they appear at different vertex locations and, as demonstrated by a virus binding assay, 34 the virus interacts with more cellular receptors than Ad 2, 3 or 5.
Even though the genetics and growth characteristics of adenovirus 41 in culture have not been elaborately studied, 33, 35 we believe that vectors derived from this adenoviral serotype would greatly enhance gene delivery to the intestinal epithelium. For the reasons described above, we are interested in designing recombinant adenoviral vectors that are targeted to intestinal epithelial cells. This article summarizes initial studies performed in the assessment of adenovirus 41 as a vector for efficient delivery of transgenic proteins and peptides to the intestinal epithelium.
Results

Adenovirus binding and uptake studies
In an effort to identify a suitable adenoviral vector for efficient delivery of transgenic proteins and peptides to the intestinal epithelium, the ability of adenovirus types 5 and 41 to bind to and internalize in undifferentiated and differentiated enterocytes was assessed. Little difference could be seen in the ability of the virions to bind to undifferentiated cells as 81.6 ± 10% of the cellular population bound adenovirus 5 and 79.8 ± 15% bound Ad 41 ( Figure 1a and c) . This was also reflected in the mean fluorescence intensity (MFI) values for each population as each was approximately six times that of untreated cells. Both virions were also efficiently internalized in undifferentiated Caco-2 cells (Figure 1b and d (Figure 2a ). The 293 cell line is extremely permissive for all types of adenoviruses, as is exemplified by the fact that the MFI was 50 times that of the control sample.
We have shown previously that adenovirus type 5 vectors produce very low levels of transduction in differentiated enterocytes. 20, 36 This was exemplified in both uptake and binding studies. Of the cellular population 28.4 ± 1% took up the Ad 5 vector (Figure 3b ) and less than 10% of the population bound the virus (Figure 3a) . We believe that fluorescence in the binding sample was scarcely above the control level despite the fact that the MFI was twice that of the control (2.4 versus 1.2, Figure  3a ). This phenomenon has also been documented by confocal microscopy. 37 Adenovirus 41, however, was internalized in differentiated enterocytes with great efficiency (Figure 3d ). Of the cellular population, 89.6 ± 4% took up the virus and produced a MFI six times above control values. Viral binding was also at a higher level than detected with the Ad 5 vector as 37.4 ± 1.5% of the population bound the virus (Figure 3c ). In this case, the MFI was three times that of the control. Thus, Ad 41 has much potential to be a highly efficient vector for delivery of transgenic proteins to differentiated enterocytes -probable targets for oral gene delivery.
In all cases, binding results were lower than those reported for internalization studies. We attribute this phenomenon to differences in binding and internalization processes. Sufficient amounts of viral particles were added to monolayers so that each cell could bind a single virion if a receptor was present on the cell surface. 38 Thus, the percentage bound represents the number of all possible binding sties on each cell type. Even though a similar viral concentration was used in internalization studies, the internalization process could clear bound virions from the cell surface which allows for regeneration of cell surface molecules available for binding and internalization of additional virions. Noise in FACS profiles of Caco-2 cells can be attributed to the difficulty in producing single cell suspensions with this cell type. In general, differentiated cells (those in culture for 15 days) are difficult to remove from the growth substrate as single cell suspensions with a trypsin solution. In addition, cells assessed for viral binding were removed with an EDTA solution. This treatment, while preventing removal of virions from the cell surface, increased the difficulty of producing single cell suspensions. 
Figure 1 Summary of FACS analysis for binding and uptake studies of TRITC-conjugated Ad 5 and Ad 41 virions in undifferentiated Caco-2 cells. Figure is divided into flow cytometry histograms for the (a) binding and (b) uptake of Ad 5 and (c) binding and (d) uptake of Ad 41 in undifferentiated cells. Cellular fluorescence (x-axis, log scale) from bound or internalized virions is plotted versus cell number (y-axis). Results reported as percentage positive (% Pos.) were determined after histograms were regated with integration markers placed to the right of the intersection of control
Adenoviral uptake in isolated intestinal loops of the rat
In order to confirm the efficiency of intestinal uptake of adenovirus 41 observed in vitro, 7 mm sections of rat jejunum were ligated and preparations of either plain saline, adenovirus 5, or adenovirus 41 were instilled in the loops for 1 h. Intestinal specimens were examined by light and electron microscopy. General tissue organization and cellular morphology in virus-exposed loops were similar to that observed in saline-treated isolates ( Figure 4A ). After 1 h, numerous adenovirus 41 virions were located within the intestinal lumen in close association with microvillus tips (Figure 4b ) either as whole particles (black arrows) or as partially internalized particles (white arrow). Numerous Ad 41 virions were also consistently seen in the intracellular space in endosomes as partially digested particles (arrow E) or intact viruses (arrow V) (Figure 4c ). Adenovirus type 5 virions were also observed to be in close association with microvillus tips, but to a lesser degree than Ad 41 virions (Figure 4d ). These viruses, however, were absent from within intracellular spaces of the epithelium during the time-frame of the experiment (data not shown). Based on data collected from an average of 10 micrographs, it was estimated that approximately 2.25 (±0. 
Co-infection studies
Because limited knowledge of the genetics and growth characteristics of adenovirus 41 in culture significantly hinders production of recombinant Ad 41 vectors at this time, we assessed the effect of Ad 41 on the transduction efficiency of Ad 5 in differentiated enterocytes, a cellular population that is not easily transduced by this vector. 20 Increasing amounts of Ad 41 were added to preparations containing Ad 5 encoded with the lacZ marker gene at a MOI of 10. These solutions were placed on both undifferentiated and differentiated Caco-2 cell monolayers. Addition of Ad 41 significantly decreased Ad 5 transduction in undifferentiated Caco-2 cells, a population in which Ad 5 transduction is highly efficient (Figure 5a ). When the viruses were added at a 1:1 particle:particle ratio, transduction dropped from 79.6 ± 4.8% (Ad 5 alone) to 16.1 ± 4.5%. Further addition of Ad 41 resulted in slight increases in lacZ expression with 1:10 and 1:100 (Ad 5:Ad 41) ratios producing 16.5 + 0.9% and 24.2 + 2.9% transduction, respectively. However, these levels remained significantly below that detected with the Ad 5 vector alone (Student's t test, P Ͻ 0.001).
Addition of Ad 41 to Ad 5 preparations had the opposite effect on differentiated Caco-2 cells, a population that is transduced by the Ad 5 vector at extremely low levels (Figure 5b ). When the viruses were added in a 1:1 ratio, transduction efficiency was unaffected with 0.65% transduction seen in cells both treated with the 
Discussion
Upon initial consideration, the physicochemical environment of the GI tract appears to be quite inhospitable to invading micro-organisms. Secretion of acid by gastric parietal cells may reduce intralumenal pH to 2.0 or lower. In addition, a variety of proteases are secreted by gastric and pancreatic cells, and bile salts may enter the duodenum from the billiary tract. To initiate infection in the GI tract, a virus would ideally have the properties of acid stability, resistance to loss of infectivity in the presence of bile salts, and resistance to inactivation by proteolytic enzymes. In a series of detailed experiments, we have determined that these variables do not significantly alter the ability of adenovirus to transduce enterocytes. 20, 39 The intestinal epithelium also represents a dynamic environment where turnover of epithelial cells is rapid, occurring as early as 48 h from the villus tip and in 5 days for cells originating from intestinal crypts. 40 
18,36 However, pharmaceutical strategies must be employed, or disruption of the membrane performed, to reach the crypts as they are not easily accessible from the lumen.
1,41
The immune response against cells infected by viral gene therapy vectors may also be a major hindrance for gene delivery, resulting in destruction of infected cells, limitations in the length of transgene expression, and elimination of infected cells upon repeat administration of the vector. [42] [43] [44] The intestine is quite an inhospitable target for viral vectors from this aspect as it has been estimated that 1-2 m of human intestine contain more antibody-secreting cells than do all other tissues combined. 45 In addition, mucus secreted by gastric and intestinal cells may contain both specific (eg IgA) and nonspecific inhibitors of viral infection. Recently, it has been determined that adenoviruses have developed strategies for escape from immune surveillance via the gp19k gene, found in the adenovirus E3 region. [46] [47] [48] This 19 kDa protein is responsible for the down-regulation of majorhistocompatibility complex class I expression on the surface of cells infected with the virus. 49, 50 Much effort has been made to avoid the immune response with the use of immunosuppressive agents, 19 ,51,52 administration of vectors with specific parts of the viral genome known to induce immune response deleted, 48, [53] [54] [55] and initiation of gene therapy early in development before the immune system is fully formed. 56, 57 We have demonstrated in vitro that even in the absence of the aforementioned factors, gene delivery with an adenovirus type 5 vector to differentiated enterocytes is extremely inefficient. 36 Results reported here and elsewhere 36, 37 suggest that one reason for this is the inability of the vector to bind to and enter these cells effectively. We believe that this may be due in part to lack of specificity of the Ad 5 serotype for the intestinal epithelium. Interesting enough, these findings were consistent with those observed in vivo in the rat jejunum (Figure 4) .
Results from Ad 5/Ad 41 co-infection studies described here are also quite intriguing. The mechanism by which adenovirus 41 enhances transduction of the lacZ gene in an adenovirus type 5 vector in differentiated enterocytes (Figure 5b ) and inhibits it in undifferentiated cells (Figure 5a ) is not firmly established by the experiments reported here, but several general models can be discussed.
Data from co-infection studies indicate that Ad 41 inhibition of transduction of the Ad 5 marker gene in undifferentiated enterocytes involves saturation of viral
Figure 3 Summary of FACS analysis for binding and uptake studies of TRITC-conjugated Ad 5 and Ad 41 virions in differentiated Caco-2 cells. Figure is divided into flow cytometry histograms for the (a) binding and (b) uptake of Ad 5 and (c) binding and (d) uptake of Ad 41 in differentiated enterocytes. Results reported as percentage positive (% Pos.) were determined after integration markers were placed to the right of the end of the control histograms. The m.f.i. value for all panels was 1.2. Histograms are representative of data collected from three separate experiments (n = 3). Binding and uptake of the Ad 5 vector was extremely low and only subtle separations from control populations were detected in this cell type. Level of internalization of the Ad 41 vector was quite high and similar to that seen in the undifferentiated cells.
receptors on the cell surface by the Ad 41 virion ( Figure  5a ). It appears that in this cell type, one rich in viral receptors, the two virions enter the cell by similar mechanisms. It is interesting to note that this effect was seen with a mere 1:1 particle:particle ratio of Ad 5:Ad 41 virions and continues to remain at the same level with higher viral concentrations. This effect was also seen in a study where TRITC-conjugated Ad 5 and FITC-conjugated Ad 41 were added both individually and in a 1:1 ratio to undifferentiated enterocytes (data not shown). Dual-color FACS analysis revealed that internalization of the Ad 41 virion was unaffected by addition of Ad 5, but Ad 5 internalization was reduced by 90% in the presence of Ad 41.
We have also observed that when adenovirus 41 was added to differentiated enterocytes in a 1:10 ratio with adenovirus 5, transduction efficiency of the Ad 5 vector doubles (Figure 5b ). However, it is equally important to note that, while transduction efficiencies did indeed double, overall transduction efficiency was still quite low. Low levels of gene transduction with Ad 5 vectors in differentiated cells could be due to inability of the viral DNA to reach the nucleus and/or inefficient processing of the viral DNA by this cell type. The presence of adenovirus 41 apparently has no effect on these processes. Instead, we attribute this subtle increase in transduction efficiency to the fact that there may be more cellular receptors available to Ad 41 than Ad 5 on differentiated enterocytes. We have shown that expression of ␣ v integrins, receptors associated with internalization of Ad 5 vectors, decreases as enterocytes differentiate 36, 37 and are currently investigating the possibility of adenoviral fiber receptors doing the same. This effect is one possible cause for inefficient gene transfer with the Ad 5 vector in differentiated cells. The Ad 41 vector, due to the presence of multiple types of fiber proteins, is hypothesized to have a wider range of cellular receptors available to it. It also has been shown that Ad 41 is missing the RGD motif in the hexon protein responsible for association with ␣ v integrins. 58 Thus, it can enter cells by an integrinindependent mechanism and internalization into differentiated enterocytes would be less hindered than the Ad 5 vector. When added at the concentrations used in these studies, it is highly probable that the different virions would aggregate or clump together. This phenomenon is seen in Figure 4b In summary, we have shown in vitro and in vivo that an Ad 41 vector binds to and is internalized to a greater degree in both differentiated and undifferentiated enterocytes than the Ad 5 vector currently used in many gene therapy trials. Because it can efficiently enter both types of cells, we believe that gene transfer in the intestine will be greatly enhanced with the use of adenovirus type 41 vectors. An ideal strategy for successful gene
Figure 4 Electron micrographs of rat jejunal segments treated with Ad 5 or Ad 41 for 1 h. (A) Control sample. Intestinal segment treated with a phosphate buffered saline bolus. General tissue organization and cellular morphology was similar to that observed in virus-treated sections (bar = 1 m). (B) Intestinal segment treated with Ad 41. Numerous adenovirus 41 virions were in close association with microvillus tips either as whole particles (black arrows) or as partially internalized particles (white arrow). (C) Numerous Ad 41 virions were also consistently seen in the intracellular space in endosomes as partially digested particles (arrow E) or intact viruses (arrow V). (D) Intestinal segment treated with Ad 5. These virions were also in close association with microvillus tips, but to a lesser degree than Ad 41 and were not detected in intracellular spaces of the epithelium during the time frame of the experiment (data not shown). Magnification, (a) ×25 000 and (b-d) ×36 000. In each experiment, virus was added at a dose of 2 × 10
11 particles/ml.
delivery to the intestine with an adenoviral vector would be to use an E1-, E2-, E4-deleted Ad 41 formulated in such a manner as to efficiently reach and transduce differentiated enterocytes, intestinal crypt cells, and those located in the lamina propria. Formulation strategies to enhance viral entry into enterocytes and development of recombinant Ad 5/Ad 41 vectors are currently underway in our laboratories. As more information about the Ad 41 genome becomes available, the types of vectors described above will be developed.
Materials and methods
Materials
Tissue culture reagents were obtained from Gibco BRL (Grand Island, NY, USA) and tissue culture materials were from Becton Dickinson (Franklin Lakes, NJ, USA) and Corning (Corning, NY, USA). Tetramethylrhodamine-5 (and 6) isothiocyanate (TRITC), HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) and all other chemicals were of analytical reagent grade and purchased from Sigma (St Louis, MO, USA) unless specified otherwise.
Cell culture 293 Cells, a transformed human embryonic kidney cell line, 59 were maintained in Dulbecco's modified Eagle's medium (DMEM) containing high glucose (4.5 g/l) and supplemented with 10% heat-inactivated fetal bovine serum (FBS), penicillin (100 U/ml), and streptomycin (100 g/ml). Cells were grown in 150-mm culture dishes for virus amplification.
HEp-2 cells (ATCC CCL-23), a cell line of human epidermoid carcinoma of the larynx, 60 were maintained in Eagle's minimum essential medium (MEM) with Earle's balanced salt solution, supplemented with 10% heatinactivated FBS, penicillin (100 U/ml), and streptomycin (100 g/ml). Cells were grown in 150-mm culture dishes for virus amplification.
Caco-2 cells (ATCC HTB37), a cell line of human colon carcinoma, 61 of passage 46-48 were maintained in DMEM containing high glucose (4.5 g/l) and supplemented with 10% heat-inactivated fetal bovine serum (FBS), 1% non-essential amino acids, 1 mm sodium pyruvate, 1% lglutamine and penicillin (100 U/ml)/streptomycin (100 g/ml). All cell lines were grown in an atmosphere of 5% CO 2 and 90% relative humidity at 37°C.
Preparation of adenovirus type 5 and 41
A replicative deficient strain of adenovirus type 5 expressing the E. coli ␤-galactosidase (lacZ) gene under the control of a Rous sarcoma virus promoter was amplified in 293 cells using a modification of established methods. 62 Virus was purified from cell lysates by banding twice on CsCl gradients followed by desalting on a Sephadex G-50 column in a 0.1 m sodium bicarbonate buffer (JT Baker, Phillipsburg, NJ, USA) pH 8.7 for TRITC labeling. The concentration of the virus was determined by UV spectrophotometric analysis at 260 nm.
Adenovirus type 41 (ATCC VR-930) was amplified in the following manner. MEM containing 2% serum and 1 × 10 11 viral particles/ml was added to subconfluent HEp-2 cells. Ten days after infection, cells were gently washed from dishes and pelleted in a tabletop centrifuge at 3000 g. Cells were resuspended in 50 mm Tris buffer (pH 7.2) and subjected to three freeze (dry ice/ethanol) and thaw (37°C) cycles. Virus was purified from cell lysates by banding twice on CsCl gradients followed by desalting on a Sephadex G-50 column equilibrated in 0.1 m sodium bicarbonate buffer pH 8.7 for TRITC labeling. Viral concentrations were determined at 260 nm with a UV spectrophotometer in the same manner as adenovirus type 5. All experiments were performed with freshly purified adenovirus stocks.
TRITC conjugation of adenovirus virions
Viruses were labeled using modifications of established methods. 63, 64 Highly concentrated fractions of either adenovirus 5 or 41 were pooled and 20 l of TRITC stock (2 mg/ml TRITC in methanol) were added to each milliliter of the viral preparation. The labeling reaction occurred in the dark at room temperature for 4 h. Unconjugated dye was separated from labeled virus by passing the mixture over a Sephadex G-50 column equilibrated with phosphate-buffered saline (PBS), pH 7.4. One milliliter fractions were collected and absorbances of each fraction analyzed by spectrophotometry at 580 and 260 nm. Samples containing rhodaminated virus consistently had A 580 :A 260 ratios of 0.2-0.3. The conjugation process reduced viral transduction by approximately 10%.
Adenovirus binding and uptake studies Caco-2 cells were seeded at a density of 1 × 10 5 cells per well in six-well culture dishes for all studies. Labeled virus was added in each study at a dose of 1 × 10 4 particles/ml, a concentration sufficient enough to ensure that viral uptake and binding could be detected. 38 For binding studies, virus was added to the cells and dishes placed at 4°C for 2 h to allow only binding to occur and to minimize internalization. 65 Monolayers were removed from dishes with a cold solution of 25 mm HEPES (pH 7.4), 20 mm ethylenediaminetetraacetic acid (EDTA), 1 mm sodium azide and pelleted in a tabletop centrifuge. Cells were then resuspended in cold 3% paraformaldehyde and stored at 4°C until FACS analysis.
To study the uptake of virus in Caco-2 cells, monolayers were kept at 37°C for 2 h after virus was added to allow for complete viral internalization. Cells were removed from dishes using a solution of trypsin (0.5 g/l) and EDTA (0.2 g/l) in Hank's buffered salt solution (HBSS) and pelleted in a tabletop centrifuge. Cells were resuspended in cold 3% paraformaldehyde and stored at 4°C until FACS analysis. In both experiments, dark room precautions were taken to preserve fluorescence. Histograms were regated using Coulter Elite software in which the integration marker was set on the right of the fluorescence profile, so that cells not treated with TRITCconjugated virus resulted in less than 1% of the population being considered positive. Results reported as percentage positive were determined, in most cases, after histograms were regated in which integration markers were placed to the right of the intersection of control and sample histograms. This technique was not used in cases where the intersection included more than 20% of the control population as in Figures 3a-c. In these cases, histograms were regated so that only the population to the right of the end of the control histogram was considered to be positive. MFI, a value used to assess the degree of separation between untreated and treated populations, was measured at half the height of the histogram for each sample.
Preparation of intestinal loops for adenoviral infection
Animal experiments were performed in accordance with institutional guidelines and approved by the University Committee on Use and Care of Animals at the University of Michigan. A 2 inch midline incision was made in the anterior abdominal wall of anesthetized Sprague-Dawley rats. An appropriate segment of the jejunum was located and carefully brought to the surface of the cavity. A loop of approximately 7 mm in length was ligated loosely with fine surgical silk. Adenovirus type 5 or 41 in PBS at a dose of 2 × 10 11 particles/ml was introduced into the proximal end of the loop using a 30 gauge needle fixed to a 1 cc syringe. Each loop accommodated approximately 0.7 ml of fluid in order to moderately distend the loop. Care was taken during the surgical procedure to provide for viability of the blood supply and to maintain normal peristalsis. Each loop remained outside the peritoneum for 1 h after which animals were killed and tissue excised and prepared according to methods described previously. 66, 67 Treated intestinal segments were immediately immersed in a cold formalin (1.6%)-glutaraldehyde (2%) fixative in 0.1 m cacodylate-HCl buffer (pH 7.4) for 1 h at 4°C. Tissues were removed from fixative, rinsed in cacodylate buffer, dissected into 1 mm cubes, and placed in a secondary fixative of 1% reduced osmium tetroxide at 4°C for 30 min. This was followed by dehydration in a graded series of alcohols. Tissue samples were embedded in Epon 812 (Ted Pella, Redding, CA, USA) and polymerized for periods of 24 to 36 h.
Complete preparations were oriented, trimmed and sectioned for both light and electron microscopy. Thick sections (0.5 to 1.0 m) were deposited on clean glass slides and stained with basic fuchsin and methylene blue. Thin sections, in the gray interference color range, were floated on to parlodion and carbon-coated 200 mesh copper grids and stained initially with uranyl acetate for 5-8 min and subsequently with lead citrate for 2-5 min. Grids were thoroughly dried and examined with a Phillips CM-100 transmission electron microscope (Philips Electronic Instruments, Mahwah, NJ, USA).
Co-infection studies
Caco-2 cells were seeded at a density of 1 × 10 5 cells per well in six-well culture dishes and were infected in either the undifferentiated state (3 days after seeding) or the differentiated state (15 days after seeding). 68 At this time, medium was removed and 0.25 ml of an adenovirus type 5 vector containing the E. coli ␤-galactosidase (lacZ) gene at a MOI of 10 was added to each cell type either alone or in a 1:1, 1:10 or 1:100 particle:particle ratio with wildtype adenovirus 41. After incubation at 37°C for 2 h, 2.5 ml maintenance medium was added to the monolayers and infection allowed to continue for 48 h. In this study, MOI values were determined by UV absorbance readings and transduction efficiency of the adenovirus type 5 vector was assessed by X-gal staining as described previously. 36, 69 
